1. Introduction {#s0005}
===============

Arterial hypertension (AH) is found in a significant percentage of the population ([@bb0240]). There is evidence that AH is associated with autonomic nervous system dysfunction, elevated sympathetic outflow and alterations in baroreceptor reflex sensitivity. These characteristics are observed in patients with essential hypertension ([@bb0105; @bb0060]), secondary hypertension in chronic kidney disease ([@bb0185]) and in a variety of hypertensive animal models such as the renovascular Goldblatt model ([@bb0070; @bb0055; @bb0175; @bb0150; @bb0200; @bb0245]), spontaneously hypertensive rats (SHR) ([@bb0215; @bb0080; @bb0195]), salt-sensitive hypertensive rats ([@bb0040]), obesity-induced hypertensive rats ([@bb0205]) and Angiotensin II (Ang II) induced hypertension ([@bb0095; @bb0010]).

Renovascular hypertension affects 1--4% of the hypertensive population and represents the second-leading cause of secondary hypertension ([@bb0050]). Given the reciprocating communication between the kidney and brain and the introduction of renal denervation as a treatment for drug-resistant hypertension ([@bb0075; @bb0030]), renovascular hypertension and models used to gain insight into the mechanisms of the hypertension, are particular pertinent currently. Since its invention ([@bb0045]), there have been many studies using the 2 kidney-1clip (2K-1C) or Goldblatt model of hypertension but information regarding the temporal changes in the balance of cardiovascular sympathetic and parasympathetic activity as well as baroreceptor reflex gain during the development of hypertension is limited to specific and single time points in any given study ([@bb0115; @bb0125; @bb0055; @bb0230; @bb0145]). Thus, there is a paucity of data illustrating the initiation and subsequent temporal profile of autonomic cardiovascular indices post clipping in the 2K-1C model. This would be most informative as it would guide precisely time points for intervention (surgical or pharmacological) as well as indicating the time course of different mechanisms underpinning the development versus maintenance phases of hypertension in this animal model. Thus, the objective of the present study was to analyse cardiovascular autonomic function by power spectral density analysis of arterial pressure and pulse interval measured by radio telemetry as well as spontaneous cardiac baroreceptor reflex gain in conscious freely-moving rats for 6 weeks after renal artery clipping. Herein, we describe the first temporal profile of the underlying cardiovascular autonomic changes that occur in the Goldblatt rat model of hypertension.

2. Materials and methods {#s0010}
========================

Procedures were carried out according to the United Kingdom Home Office Guidelines on Animals (Scientific Procedures) Act of 1986. The animals were housed individually, allowed normal rat chow and drinking water ad libitum, and kept on a 12-hour light/12-hour dark cycle. Animals were divided in the following groups: Control (CT), n = 6 and Hypertensive (2K-1C), n = 6.

2.1. Goldblatt model of hypertension (two kidney one clip, 2K-1C) {#s0025}
-----------------------------------------------------------------

Male Wistar rats (150--180 g) were anaesthetized with ketamine (60 mg/kg) and medetomidine (250 μg/kg) intramuscularly. The level of anaesthesia was checked frequently by testing limb withdrawal reflexes to noxious pinching and doses of 0.1 mL were administered (i.m.) as required. The temperature of the rat was maintained at 37 °C using a feedback controlled heating blanket. Via a midline laparotomy, the left renal artery was obstructed partially with a silver clip of 0.2 mm width ([@bb0015]). The CT animals were submitted to the same surgical procedure without partial renal artery occlusion. Anaesthesia was reversed with atipamezole (1 mg/kg).

2.2. Telemetric recording of arterial pressure {#s0030}
----------------------------------------------

### 2.2.1. Recording system {#s0035}

We used a telemetry system (Data Sciences International) for recording arterial pressure as described previously ([@bb0215]). Briefly, the system consists of three basic elements: (1) a transmitter for monitoring arterial pressure (TA11PA-C40); (2) a receiver (RPC-1); and (3) an adapter (R11CPA) with an ambient pressure monitor (APR-1) to output analogue signals of arterial pressure. The system is calibrated relative to atmospheric pressure. A computer-based data acquisition system (Maclab/8s, AD Instruments and PowerBook 3400c, Apple Computer Inc.) was used to acquire, display, store and analyse the telemetered data.

### 2.2.2. Implantation of transmitters {#s0040}

The radio transmitters were implanted on the same day as renal artery clipping. Via a midline laparotomy, the intestines were carefully reflected to expose the abdominal aorta. The blood flow was transiently stopped using a ligature and using a 21 gauge needle a small hole in the aorta just above its iliac bifurcation was made. The radio transmitter catheter was inserted towards heart and fixed in place with a cellulose patch and Vetbond™ glue. The transmitter casing was sutured to the ventral wall of the abdominal cavity and the incision repaired. The anaesthesia was reversed with a subcutaneous injection of atipamezole (1 mg/kg). Rats were returned to their home cage to recover from the surgery. Animals were supplied with standard rat chow and water ad libitum and kept in a climate controlled room on a 12 hour light/dark cycle. At 7 days post surgery baseline recordings of blood pressure, were recorded and from this heart rate and pulse interval computed ([@bb0215]).

2.3. Spectral analysis of blood pressure {#s0045}
----------------------------------------

A computer-based acquisition system --- *Hey Presto* telemetry software ([@bb0220]) was used for acquiring, displaying, storing and analysing the data (acquisition at 2 kHz). Using Fast Fourier transform (FFT) spectral variations in arterial pressure and heart rate were computed. The 3 frequency bands were: high frequency (HF), low frequency (LF) and very low frequency (VLF) at 0.75--3.0 Hz, 0.25--0.75 Hz and 0.01--0.25 Hz, respectively. We recorded 5 min of each hour during 24 h of day. So we had an average by day of each animal. And each point is a final average of all animals by day. Changes in VLF of systolic blood pressure (SBP) reflect changes in sympathetic outflow related to thermoregulation, hormonal activity or changes in blood flow to meet local metabolic demands ([@bb0005; @bb0020]), while LF of SBP is indicative of the level of sympathetic vasoconstrictor activity ([@bb0025; @bb0090]). We have acknowledged that this is a caveat of the study and that this is at best an indirect measure of global change in sympathetic activity. HF of heart rate (HR) is thought to be representative of cardiac parasympathetic tone, while the ratio of LF to HF of HR gives an index of cardiac sympathovagal balance ([@bb0160]). In addition, SBP, diastolic blood pressure (DBP) and mean blood pressure (MBP) were computed while HR was derived from the inter-pulse interval. Spontaneous cardiac baroreceptor reflex gain (sBRG) was calculated based on a method by [@bb0155], which involves a sequence technique allowing alterations in arterial pressure to be divided by reflex changes in heart rate or pulse interval at a delay of 3--5 cardiac cycles.

2.4. Data analysis {#s0050}
------------------

Results presented are the mean ± Standard Error (SEM). The data were evaluated using two-way ANOVA followed by Tukey\'s post-test with statistical software Graphpad Prism 4.0. The level of statistical significance was defined as P \< 0.05.

3. Results {#s0015}
==========

[Table 1](#t0005){ref-type="table"} shows control values of all parameters measured for the CT and 2K-1C rats. For all cardiovascular parameters recorded there was no change in the CT group (see [Figs. 1--3](#f0005 f0010 f0015){ref-type="fig"}). All variables monitored peaked by day 35 and no further significant changes were seen at day 42 post clipping. Thus, the 6th week post-clipping determined the end point of our investigation. The following provides a description of the temporal profile of the changes measured over these six weeks post renal artery clipping.

3.1. Evolution of arterial blood pressure and heart rate in the Goldblatt rat model {#s0055}
-----------------------------------------------------------------------------------

For clarity, SBP data are reported here only; DBP and MAP data are presented in [Fig. 1](#f0005){ref-type="fig"}B and C and showed an identical temporal profile in terms of the time point of initiation, development and plateau phases of the hypertension. As shown in [Fig. 1](#f0005){ref-type="fig"}A, the earliest time point indicating a significant increase in SBP was day 13 post clipping (from 123.6 ± 7.1 to 149.9 ± 7.1 mm Hg; P \< 0.05). SBP continued increasing until day 35 where upon it plateaued and stabilized at 206.4 ± 1.9 mm Hg as recorded at day 42. The levels of blood pressure between days 35 and 42 were not different. In contrast, the baseline levels of SBP, DBP and MBP in the CT group were similar to those of the 2K-1C group prior to clipping and remained unchanged throughout the 6 week observation period ([Fig. 1](#f0005){ref-type="fig"}A, B and C). As illustrated in [Fig. 1](#f0005){ref-type="fig"}D, the 2K-1C group presented a tachycardia that developed from the first day post-clipping that plateaued by day 35 (i.e. from 406 ± 9 bpm to 468 ± 11 bpm; P \< 0.05); this value was not different by day 42.

3.2. Spectral analysis of systolic blood pressure and heart rate {#s0060}
----------------------------------------------------------------

A significant increase in the VLF (SBP) first occurred at 28 days post clipping (from 4.0 ± 0.8 to 6.9 ± 0.2 mm Hg^2^; P \< 0.05) relative to basal levels in the 2K-1C group, which was 15 days after the initial rise in arterial pressure. As with arterial pressure, VLF (SBP) plateaued at day 35 (e.g. 6.8 ± 0.3 mm Hg^2^) and was not different at day 42. Comparing VLF of SBP between the 2K-1C and CT groups indicated a significant increase after 23 days post-clipping (2K-1C: 5.6 ± 0.6 vs CT: 3.1 ± 0.6 mm Hg^2^; P \< 0.005; [Fig. 2](#f0010){ref-type="fig"}A). At the start of 35 days post clipping, we found a significant increase in the LF (SBP), an index of vasomotor sympathetic activity, in the 2K-1C group (from 2.6 ± 0.2 to 5.2 ± 0.3 mm Hg^2^; P \< 0.05), which plateaued between days 35 and 42. Comparing LF (SBP) between the 2K-1C and CT groups also indicated a significant increase at 28 days post-clipping (2K-1C: 5.2 ± 0.3 and CT: 2.6 ± 0.2 mm Hg^2^; P \< 0.004; [Fig. 2](#f0010){ref-type="fig"}B). No changes were seen in the HF (SBP) in both the 2K-1C (day 1: 4.6 ± 0.4, day 42: 6.1 ± 0.7 mm Hg^2^) and CT groups (day 1: 4.5 ± 0.3, day 42: 5.3 ± 0.2 mm Hg^2^; [Fig. 2](#f0010){ref-type="fig"}C). [Fig. 2](#f0010){ref-type="fig"}D shows PI changes in the 2K-1C and CT groups. In the 2K-1C group the PI decreased gradually from day 26 to day 42 (from 161.5 ± 0.6 to 128.8 ± 0.7 ms; P \< 0.05). Comparing PI between the 2K-1C and CT groups indicated a significant decrease after 32 days post-clipping (2K-1C: 137.7 ± 7.8 and CT: 161.2 ± 2.9 mm Hg^2^; P \< 0.05). No changes were seen in the LF (PI) in both the 2K-1C (day 1: 3.1 ± 0.08, day 42: 2.9 ± 0.6 ms^2^) and CT groups (day 1: 3.9 ± 0.2, day 42: 3.3 ± 0.1 ms^2^; [Fig. 2](#f0010){ref-type="fig"}E). In contrast, the HF (PI), an index of cardiac parasympathetic activity, decreased from 24 days after clipping becoming significantly lower by day 42 (14.4 ± 1.1 to 8.3 ± 0.01 ms^2^; P \< 0.05) in the 2K-1C animals ([Fig. 2](#f0010){ref-type="fig"}F). No changes were observed in PI, LF (PI) and HF (PI) in the CT group over the 6 weeks.

3.3. Changes in spontaneous gain of the cardiac component of the baroreflex {#s0065}
---------------------------------------------------------------------------

The sBRG (HR) decreased after day 5 post renal artery clipping (P \< 0.05) and continued to fall gradually until day 35 (from − 2.0 ± 0.12 to − 0.8 ± 0.1 bpm/mm Hg; P \< 0.05) when it plateaued ([Fig. 3](#f0015){ref-type="fig"}A). For comparative reasons, we also measured sBRG of PI which showed a similar time profile in response to the sBRG of HR becoming significantly lower than baseline by week 1 (from 0.6 ± 0.05 to 0.2 ± 0.03 ms/mm Hg; P \< 0.05) in the 2K-1C animals ([Fig. 3](#f0015){ref-type="fig"}B). No changes were observed in sBRG (HR) and sBRG (PI) in the CT group during 6 weeks after clipping.

4. Discussion {#s0020}
=============

The present study shows for the first time that in conscious 2K-1C rats hypertension is associated with: (i) alteration in central autonomic control characterized by decreased cardiac baroreflex sensitivity as early as week 1; (ii) a significant increase in VLF of SBP by 23 days post clipping that coincided with the initiation of the hypertension; (iii) a significant rise in LF of SBP by day 28 post clipping supporting involvement of vasomotor sympathetic activation during the mid-developmental and maintenance phases of the hypertension.

We have described the temporal profile of the development of renovascular hypertension using the 2K-1C procedure in rats. We found that arterial pressure increased gradually and significantly over a 5 week period reaching a plateau level between the 5th and 6th weeks. Our work is consistent with that of [@bb0100] and provides additional mechanistic insight. [Fig. 4](#f0020){ref-type="fig"} details the phases of hypertension and summarises the mechanisms reported by [@bb0100] and the new autonomic data described herein.

[@bb0100] reported three theoretical phases of experimental (and clinical) Goldblatt renovascular hypertension. Phase I is approximately 4 weeks; phase II, 5--8 weeks; phase III, 9 weeks or more ([Fig. 4](#f0020){ref-type="fig"}). Immediately after clipping blood pressure rises and is associated with increases in plasma renin activity (PRA) and increased circulating Ang II concentration; this demarks phase I. This hormonal associated increase in arterial pressure is consistent with our finding of an elevation in VLF SBP. Moreover, the early reduction in cardiac baroreflex gain may be mediated by circulating angiotensin II, as proposed previously ([@bb0235; @bb0170; @bb0210]), and important for the "escape" of arterial pressure to higher levels. Angiotensin I converting enzyme (ACE) inhibition or clip removal within 7--10 days after clipping causes a fast reversal of arterial pressure back to control levels during phase I. During phase II, which is a salt-retention phase, arterial pressure may remain stable or continue to rise despite a fall in PRA. During this phase, there is increased sensitivity to infusions of exogenous Ang II for evoking a rise in arterial pressure indicating upregulation of angiotensin II type 1 receptors. Increased plasma volume and total exchangeable sodium are found in stage II. In this phase, removal of the clip or treatment with ACE inhibitors reduces blood pressure to normal, but a longer time is required to achieve a full recovery of blood pressure to control levels compared to phase I. The time-dependent depression of cardiac baroreflex gain and elevated LF SBP (sympathetic vasomotor drive) will both assist with the elevation of arterial pressure. If sympathetic activity is increased to the proximal tubules this together with any sympathetically mediated haemodynamic alterations within the kidney could favour salt reabsorption. The increase in extracellular blood volume and heart rate would increase cardiac output further raising arterial pressure. In phase III, whether blood pressure has remained as high or higher than in phase I, PRA and plasma Ang II fall but clip removal and administration of doses of ACE inhibition equal to those used in phases I and II do not return arterial pressure to normal levels.

For the first time we present a temporal profile of the underlying cardiovascular autonomic changes that occur in the Goldblatt model of hypertension during 6 weeks in conscious condition. Some studies have suggested a role for changes in renal sympathetic tone in the 2K-1C hypertension. Indeed, renal denervation has been reported to ameliorate hypertension in Goldblatt animals ([@bb0070]). [@bb0125] reported that suppression of sympathetic activity appears to depress the development of 2K-1C Goldblatt hypertension mainly after 4 weeks post-clipping, which is consistent with our data of elevations in sympathetic activity at this time. Indeed, there is evidence in renovascular hypertension that decreased renal blood flow leads to elevated sympathetic nerve activity in humans ([@bb0065]). This is analogous to human data indicating a role for renal afferents in exciting sympathetic efferent activity in refractory hypertension ([@bb0075]) Recently, we reported that 6 weeks after renal artery clipping in rats, the 2K-1C group showed a significant increase in renal sympathetic nerve activity (RSNA) (and arterial pressure) when compared with the control group in urethane-anaesthetized rats ([@bb0150]).

Our results indicate that VLF (SBP) gradually increased by day 23 and after that remained stable suggesting an overall increased level of vasomotor tone induced by humoral agents ([@bb0020]). In addition, the LF (SBP) showed a significant increase by day 28 indicative of raised vasomotor sympathetic tone ([@bb0025]). Findings by [@bb0180] show that the LF (SBP) was raised after 6 weeks post-clipping in the rat. Indeed, they showed that the reduction of the slow fluctuations in arterial pressure following the combined blockade of the kallikrein--kinin and the renin--angiotensin systems reflected the contribution of these humoral systems to this LF (SBP). Other studies have shown that increased LF oscillations ranging from 0.2 to 0.75 Hz were related to an increased sympathetic influence after 15 days ([@bb0145]) and 6 weeks ([@bb0230]) post clipping. Why there is such variation in the onset of changes in the neuro-humoral system and differences to our results presented here is not clear but rat strain differences could explain it. Certainly there are differences in methodology including the use of catheter based monitoring of arterial pressure in awake rats during a 2 h period, which may give different data compared to non-invasive, remote 24 h monitoring via radio-telemetry. We believe that the latter method as used in the present study is more sensitive to detect changes in cardiovascular variability.

We acknowledge that spectral analysis reflects a summative response of all vascular beds. It is known that sympathetic outflow can be regulated differentially between different vascular beds ([@bb0140; @bb0135; @bb0110]). Spectral analysis may lack sensitivity to detect preferential effects to a single vascular bed. Thus, changes in SNA to a particular vascular bed could be occurring earlier than 4 weeks as found in the present study. This makes a comparison of results from studies that use spectral analysis versus direct sympathetic nerve activity (SNA) recordings difficult.

The present study showed that the sBRG, an index of the baroreceptor reflex activity, decreased gradually from week 1 post clipping to the 5th week when it plateaued. These results may explain the increase in heart rate that occurred concurrently. The tachycardia was also associated with a decrease in HF of PI indicative of reduced levels of parasympathetic drive to the heart, perhaps secondary to the reduced sBRG as baroreceptor reflex pathways provide a major excitatory drive to cardiac vagal motoneurones. A reduced baroreceptor reflex gain might also contribute to the increase in sympathetic drive and hypertension (see [@bb0085]) but this remains speculative, as we have no data on this limb of the reflex. However, we fully acknowledge the limitations of the sBRG as it does not provide a full baroreceptor reflex function curve but it does allow comment on shifts in the operating/physiological point on the curve.

The mechanisms by which baroreflex sensitivity is reduced in 2K-1C hypertension are not known. In the study by [@bb0190] arterial baroreceptors were reset to operate at higher pressure levels in 2K-1C hypertension. Rapid (acute) resetting occurs within the first few minutes after elevation of arterial pressure, but this is only partial because the increased threshold for baroreceptor activation represents only 25--50% of the arterial pressure increase. Therefore, complete resetting occurs when the increase in pressure threshold equals the increase in arterial pressure; in the rat this was present after 48 h of 2K-1C hypertension. A possible role of increased circulating Ang II level in baroreceptor re-setting cannot be ruled out. In fact, previous studies showed that there is a correlation between increased Ang II level and baroreceptor dysfunction ([@bb0120; @bb0165]). However, further studies are necessary for a fuller understanding of the role of baroreceptors in the chronic control of cardiovascular system and their causal role in Goldblatt hypertension.

Our findings indicate that the 2K-1C Goldblatt model is associated with the loss of baroreflex sensitivity accompanied with an apparent withdrawal of vagal tone (HF of PI), an increase in VLF of SBP that accompanies the initiation of the hypertension followed by a large increase in the LF of SBP suggesting that sympathetic vasomotor drive is elevated during both the mid-developmental and maintenance phases of the hypertension.
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![Temporal profile of the increase in blood pressure and heart rate in the Goldblatt model (2K-1C, n = 6/CT, n = 6). \[A\] Summary of systolic blood pressure (SBP), \[B\] mean blood pressure (MBP) and \[C\] diastolic blood pressure (DBP) recorded by radiotelemetry for 42 days. \[D\] Temporal profile of changes over 42 days in heart rate (HR). Day averages ± SEM are plotted (each point is the mean of 24 recordings, one for each hour). These results showed that the blood pressure increased gradually from 13 days and rose significantly for day 35 reaching a plateau at day 42 in hypertensive animals. \*Significantly different (P \< 0.05) from CT. †(P \< 0.05) within-group difference relative to control levels.](gr1){#f0005}

![\[A\] Spectral parameters of very low frequency power of systolic blood pressure (VLF of SBP), \[B\] low frequency power of systolic blood pressure (LF of SBP), \[C\] high frequency power of systolic blood pressure (HF of SBP), \[D\] pulse interval (PI), \[E\] low frequency power of PI (LF of PI) and \[F\] high frequency power of PI (HF of PI), calculated by *Hey-Presto software* (39) in the Goldblatt model (2K-1C, n = 6/CT, n = 6). Day averages ± SEM are plotted. Spectral analysis suggests that 2K-1C hypertension coincides with an increase in VLF of SBP and subsequent increased vasomotor sympathetic tone by the 28 days after clipping; both the latter appear important for the maintenance of the hypertension. \*Significantly different (P \< 0.05) from CT. †(P \< 0.05) within-group difference relative to control levels.](gr2){#f0010}

![\[A\] Spontaneous cardiac baroreceptor reflex gain (sBRG of HR) and \[B\] sBRG of PI in the Goldblatt model (2K-1C, n = 6/CT, n = 6). The results showed that the gain of the parasympathetic component of the cardiac baroreflex decreased from day 5 reaching a plateau at day 42. \*Significantly different (P \< 0.05) from CT. †(P \< 0.05) within-group difference relative to control levels.](gr3){#f0015}

![Temporal profile of changes over 6 weeks in the Goldblatt model. ^✜^Changes of renin, Angiotensin II and heart rate (HR) immediately after clipping --- adapted from [@bb0100]. Changes of spontaneous cardiac baroreceptor reflex gain (^✪^sBRG of PI and ^★^sBRG of HR). ^✚^Changes of very low frequency power of systolic blood pressure (VLF of SBP) from day 23. ^§^Changes of high frequency power of PI (HF of PI) from day 21. ^❖^Changes of pulse interval (PI) from day 31. ^\#^Changes of renin, sens. of Angiotensin II and low frequency power of systolic blood pressure (LF of SBP) from day 35 --- adapted from [@bb0100].](gr4){#f0020}

###### 

Control values of all parameters measured for the CT and 2K-1C rats.

  Parameters               CT            2K-1C
  ------------------------ ------------- --------------
  SBP (mm Hg)              125 ± 8       124 ± 8
  DBP (mm Hg)              89 ± 6        97 ± 8
  MBP (mm Hg)              101 ± 6       106 ± 8
  VLF of SBP (mm Hg^2^)    4 ± 0.8       4.7 ± 0.8
  LF of SBP (mm Hg^2^)     2.6 ± 0.8     2.8 ± 0.8
  HF of SBP (mm Hg^2^)     4.5 ± 4.3     4.6 ± 0.4
  PI (ms)                  156 ± 3       150 ± 3
  LF of PI (ms^2^)         3.9 ± 0.2     3.1 ± 0.2
  HF of PI (ms^2^)         10.3 ± 0.4    13.5 ± 0.9
  HR (bpm)                 376 ± 9       406 ± 9
  sBRG of HR (bpm/mm Hg)   − 2.4 ± 0.1   − 2.4 ± 0.09
  sBRG of PI (ms/mm Hg)    1.0 ± 0.05    0.9 ± 0.04
